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Several studies suggest that highly skewed X chromosome inactivation (HSXI) is associated with recurrent spontaneous abortion. We
hypothesized that this association reﬂects an increased rate of trisomic conceptions due to anomalies on the X chromosome that
lead both to HSXI and to a diminished oocyte pool.We compared the distribution of X chromosome inactivation (XCI) skewing percent-
ages (range: 50%–100%) among women with spontaneous abortions in four karyotype groups—trisomy (n ¼ 154), chromosomally
normal male (n ¼ 43), chromosomally normal female (n ¼ 38), nontrisomic chromosomally abnormal (n ¼ 61)—to the distribution
for age-matched controls with chromosomally normal births (n ¼ 388). In secondary analyses, we subdivided the nontrisomic chromo-
somally abnormal group, divided trisomies by chromosome, and classiﬁed women by reproductive history. Our data support neither an
association of HSXI with all trisomies nor an association of HSXI with chromosomally normal male spontaneous abortions. We also ﬁnd
no association between HSXI and recurrent abortion (n ¼ 45).Introduction
X chromosome inactivation (XCI), the process by which
one of the two X chromosomes of a female embryo
undergoes transcriptional silencing, occurs early in
embryogenesis. This process occurs in all cells except the
female germ cell; both X chromosomes are active in the
oocyte. The inactive X chromosome undergoes histone de-
acetylation and demethylation, followed by DNA methyl-
ation, which is inherited by all descendant cells. In theory,
50% of cells will contain an active X chromosome of
maternal origin, 50% one of paternal origin. However,
because the number of progenitor cells for hematopoietic
stem cells is small (estimates are 8–16),1–4 highly skewed
XCI (HSXI) (usually deﬁned as 90% or higher) may occur
by chance. The probability (based on a simple binomial
model) that a woman will, by chance alone, demonstrate
HSXI in a blood sample falls between 0.01% and 2.1%, de-
pending on the number of progenitor cells.
Rarely, familial skewing involves mutations in XIST or
other loci that affect initial XCI.5 A second source of
HSXI is initial inactivation that occurs in an unusually
small pool of cells. This phenomenon is thought to explain
the association between monozygotic twinning and man-
ifesting carriers of X-linked recessive mutations,6,7 as well
as the high rate of HSXI in fetuses with conﬁned placental
mosaicism and trisomy rescue.8
Most often, HSXI is thought to result from selection in
a population of cells in which inactivation was initially
random;9 the degree of selection can vary among tissue
types.10–13 Several linesof evidence support thishypothesis:
(1) the proportion of cells with HSXI is greater in women of
reproductive age than in newborns1,10 and, among adults,The Amergreater after age 60 than during the reproductive years;13,14
(2) heterozygous carriers of X-linked diseases sometimes
exhibit preferential inactivation of the X chromosome
with the disease allele (e.g., Wengler et al.,15 Devriendt
et al.16); (3) HSXI is increased in women with structurally
abnormal X chromosomes (deletions or translocations)
in a manner that preserves the normal X chromosome (or
autosomal) dosage.17,18 Pegoraro et al.19 described a striking
example: a family with many apparently healthy women
with 100% skewing, ascertained through the presence of
manifesting carriers of an X-linked condition. The authors
identiﬁed an Xq microdeletion and inversion in all family
members with skewing.20 The only phenotypic conse-
quence identiﬁed was increased risk of miscarriage.
This family stimulated the hypothesis that HSXI might
be increased among women with recurrent spontaneous
abortion (RSA). Several subsequent reports conﬁrmed the
prediction. Thus, early reports from Pittsburgh,21–23 British
Columbia,24,25 and Japan26 show odds ratios ranging from
1.83 to inﬁnity26 (our computations) for HSXI (deﬁned
as R 90%) in relation to RSA. Although the highest esti-
mates23,26 probably reﬂect confounding by maternal age,
most other estimates do not. All reports compare cases
with recurrent loss, variously deﬁned, to controls; most
control groups comprise women with at least one birth
and no pregnancy loss. Inferences are limited, however,
by methodological concerns, such as inclusion of previ-
ously described cases in sequential reports and selection
of controls from a population different than the popula-
tion in which cases were identiﬁed.22–25,27 In series in
which controls derive from different sources and time
periods than cases, technical variables in the assay can con-
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including one from the Pittsburgh team,27 which includes
cases described in earlier reports, provide inconsistent
results, with odds ratios ranging from 0.230 to 13.2.28
The literature as a whole is difﬁcult to interpret, given
the probable publication bias for positive associations.
Most previous studies lack information on the karyotype
of the abortus. Women with recurrent abortions have an
increased risk of repeat chromosomally normal losses.
This observation, however, is most apparent in women
younger than 35 years. Among older women, because of
the strong association of age with trisomy, chromosomal
anomalies occur in at least 50% of losses, even among
women with two or more previous losses.33,34 Given that
maternal age at conception has been increasing over
time in the United States,35 we expect that, in many
settings, trisomies occur in a high proportion of losses to
recurrent aborters. For example, in our sample, the index
loss is trisomic in 44% of the 50 women with recurrent los-
ses (mean age 35.6 years). Thus, a phenomenon due to an
increased rate of trisomic conceptions couldmasquerade as
an effect seen in recurrent aborters.
Lanasa et al.23 argued that HSXI is likely to be amarker of
an X chromosome microdeletion or mutation that leads to
loss of male conceptions carrying the mutant X chromo-
some. However, their study had no information on the
karyotype of the losses. In current populations, karyotypi-
cally normal male conceptions constitute only 15%–20%
of spontaneous abortions.36,37 It is therefore unlikely that
losses of male conceptions could be responsible for the
strong associations with skewing reported in early studies.
For example, in order to double the rate of HSXI among all
spontaneous abortions, the frequency of HSXI would need
to be six-fold higher among normal male losses than
among all other pregnancies. This calculation makes the
assumptions that (1) HSXI occurs in 5% of women, (2)
15% of clinically recognized pregnancies abort spontane-
ously, (3) 20% of pregnancy losses have a normal male
karyotype, and (4) all chromosomally normal male losses
are due to an X chromosome abnormality (unlikely, but
the assumption most favorable to the hypothesis).
On the other hand, trisomies account for one-third to
one-half of all pregnancy losses. If a calculation similar to
the one above is used, the frequency of HSXI would need
to be 3.5-fold higher among women with trisomic losses
than among all other pregnancies in order to double the
rate of HSXI among spontaneous abortions. Our study
has the power to distinguish these effect sizes.
Oocyte maintenance in the ovary depends upon the
presence of two normal X chromosomes. In female germ
cells, both X chromosomes remain transcriptionally
active. The absence of all or part of an X chromosome is
associated with primary amenorrhea or premature ovarian
failure. Associations may reﬂect either fewer primordial
follicles or accelerated atresia. A likely explanation is that
at least several discrete genes must be expressed from
both X chromosomes to ensure normal germ cell and/or
follicle survival (reviewed by Simpson and Rajkovic38 and180 The American Journal of Human Genetics 85, 179–193, Augustby Laml et al.39). HSXI may thus be an indicator of X chro-
mosome mutations or chromosome abnormalities that
could lead to a decreased oocyte pool. Two studies40,41
support this idea, one study41 showing an association
between HSXI and premature ovarian failure.
We hypothesized that the maternal age association with
trisomy reﬂects an association with the size of the oocyte
pool, leading to increased trisomy risk among women
who have diminished pools for their chronologic age.42,43
If HSXI is associated with a smaller oocyte pool (see above),
the association of HSXI with repeat spontaneous abortions
could be due to an increase in the frequency of trisomic
conceptions. Preliminary data from British Columbia24,44
reported such an association. We tested the hypothesis in
a case-control study by examining whether HSXI is associ-
ated with trisomic spontaneous abortion. Secondarily, we
examined associations between HSXI and both chromoso-
mally normal male spontaneous abortion and recurrent
pregnancy loss.
Subjects and Methods
Details of selection of cases and controls, demographics, and
statistical methods are given in the Appendix. Fieldwork took
place from February 2003 to January 2007. The institutional
review boards at our university and the study hospital approved
the study. All subjects gave informed consent.
Selection of Cases and Controls
Case subjects were women aged 18 or older with singleton sponta-
neous abortions of developmental age< 18 wks, who gave permis-
sion for karyotyping of their products of conception. The speci-
mens were collected from the pathology laboratory of a large
suburban hospital in New Jersey, USA. Karyotype results were
obtained from 498/517 (96%) specimens in which culture was
attempted, by either chromosome analysis or FISH (see Appendix).
Of the 498 women, 354 (71%) completed the protocol, which
included two telephone interviews concerning demographics,
obstetric history, medical history, and common exposures and
a visit to the hospital for a blood draw and an updated interview.
Final analyses exclude 30 women (see Appendix). The analytical
sample consists of 169 women with aneuploid losses (referred to
as ‘‘trisomic’’ but also including four hypertriploids, one hyperte-
traploid, and six autosomalmonosomies), 46 womenwith normal
male losses, 43 women with normal female losses, and 66 women
with nontrisomic chromosomally abnormal losses. For conve-
nience, throughout the rest of the paper we refer to women on
the basis of the karyotype of their abortus (‘‘trisomycases’’ or ‘‘triso-
mies’’ rather than ‘‘womenwith trisomic spontaneous abortions’’).
For each case individual who completed the study, we selected
an age-matched control with a recent normal live birth in the
same hospital and with no known chromosomally abnormal
previous pregnancy. Of 678 women selected as controls, 491
(72%) completed the protocol. To ensure comparability of
measures for cases and controls, we excluded 64 controls whose
XCI skewing percentage was measured in an external laboratory.
The analytic sample thus includes 427 controls.14, 2009
Follow-up of Women with XCI Skewing
We asked all women with XCI skewing percentage R 85% and
a subset of womenwith XCI 50% to<75%,matched for karyotype
group and date of ﬁrst blood draw, to provide a second blood
sample for cytogenetic analysis and buccal swabs from both left
and right cheeks for measurement of the XCI skewing percentage
in this tissue. Of the 90 women who provided buccal swabs
(45 with blood XCI R 85%, 45 with blood XCI 50% to <75%),
86 had sufﬁcient DNA to carry out the HUMARA assay. Three
women were homozygous on buccal smear analysis, and three
women were excluded because the karyotype of the abortus was
uncertain (46,XX without conﬁrmation from FISH). Thus, the
buccal smear analyses comprise 80 women.
The XCI Assay
Skewing of XCI was measured with the HUMARA assay, which
takes advantage of the differential methylation of a CpG site close
to a highly polymorphic CAG repeat in the ﬁrst exon of the
X-linked androgen receptor (AR [MIM 3137000]) gene. Approxi-
mately 90% of women have distinguishable alleles. Sham diges-
tion by RsaI allows sizing of the two alleles after PCR; digestion
by RsaI plus HpaII allows distinction between the methylated
and the nonmethylated allele. We used a slight modiﬁcation of
the method described in Hatakeyama et al.14 to assess the XCI
skewing percentage at the AR locus.
Among 751 samples analyzed, 91%were judged heterozygous at
the AR locus. Reliability of the assay (see Appendix) was measured
in a variety of ways, including comparisons with an external labo-
ratory and measurements over time within the study laboratory.
We used the intraclass correlation coefﬁcient (ICC) because it
provides a more robust measure of reliability and agreement than
the Pearson product-moment correlation (r). The ICCs ranged
from a low of 0.80 (when we remade PCR products and used an
external laboratory) to a high of 0.96 (when the samePCRproducts
were run within 35 days in the study laboratory). Thus, our reli-
ability on the same sample ranges from substantial to excellent.
These ICCs exclude samples judged to be homozygous by one or
both laboratories. Among ten samples judged to behomozygous by
either laboratory, there was agreement on seven. All three disagree-
ments concerned questionable heterozygosity for alleles differing
Figure 1. X Chromosome Inactivation
Skewing Percentage among Controls
with Age-Adjusted Fitted Beta Curve
by only three base pairs. Because the XCI
skewing percentage may be underesti-
mated when alleles differ by only one
repeat,we repeatedall categorical statistical
analyses, excluding the 93 (14%) samples
in which allele sizes differed by only one
repeat. Odds ratios were unchanged for
the ﬁrst three signiﬁcant digits.
Statistical Analyses
We carried out two complementary anal-
yses to estimate associations of the XCI
skewing percentage with each karyotype
group—trisomy, chromosomally male,
chromosomally normal female, nontriso-
mic chromosomally normal—in compar-
ison to those of controls. In the ﬁrst, we analyzed the folded XCI
skewing percentage as a categorical variable (50 to <60, 60 to <70,
70 to <80, 80 to <85, R 85). We deﬁned highly skewed HSXI
asR85%(6.1%of684heterozygotes),because the smallproportion
(2.3%) of women with XCI R 90% would have limited statistical
power. We used conditional logistic regression45,46 to test the null
hypothesis that at any maternal age there is no difference in the
XCI skewing percentage between cases and controls. The analysis
was adjusted by stratiﬁcation for age at blood draw in single years.
We also report the results of the primary analysis, usingR 90% as
the upper boundary to facilitate comparison with other studies.
In the second analysis, we used a parametric model to estimate
associations with the folded XCI skewing percentage as a contin-
uous variable following a symmetric beta distribution. This anal-
ysis permitted us to test the null hypothesis that the mean of
the folded XCI skewing percentage is the same for each case group
and controls. We used maximum likelihood to estimate regression
coefﬁcients. To aid interpretation, we report age-adjusted mean
folded XCI skewing percentages based on the parameters of the
regression model. Figure 1 uses data from controls to illustrate
that the folded beta distribution ﬁts the observations well (coa-
lescing the two highest categories, chi-square goodness of ﬁt ¼
5.69, df ¼ 7, p ¼ 0.58).
We also carried out three secondary analyses: (1) dividing the
nontrisomic chromosomally abnormal types into three groups:
monosomy X, triploidy, other; (2) dividing trisomic groups into
three subgroups: acrocentric, trisomy 16, other nonacrocentric;
and (3) classifying women by reproductive history.
Finally, we present data bearing on the consistency of XCI
measurements (1) over time for the 17 women who entered the
study twice and (2) between blood and buccal mucosa for the
80 women with informative assays on both tissues.
Results
Primary Analysis: Four Karyotype Groups
Versus Controls
The proportion of women with XCI R 85% is 5.9% for
controls and 5.8% for trisomies, the primary case groupThe American Journal of Human Genetics 85, 179–193, August 14, 2009 181
Table 1. Percentage of XCI Skewing among Live Birth Controls and among Spontaneous Abortion Cases Classified by Karyotype of the
Abortus
XCI Skewing Percentage Distribution
Pregnancy Type Total Number
Number
Heterozygous 50 to <60 60 to <70 70 to <80 80 to <85 85þ
Controls
Live births 427 388 35.3 33.5 19.6 5.7 5.9
Case groups for primary analysis
Trisomy 169 154 32.5 27.3 24.0 10.4 5.8
Chromosomally normal male 46 43 41.9 20.9 23.3 11.6 2.3
Chromosomally normal female 43 38 50.0 23.7 15.8 7.9 2.6
Nontrisomic chromosomal abnormality 66 61 31.1 23.0 26.2 6.6 13.1
Case groups for secondary analysis dividing nontrisomic chromosomal abnormalities
Monosomy X 19 18 22.2 22.2 27.8 5.6 22.2
Triploid 30 28 35.7 21.4 28.6 3.6 10.7
Other nontrisomic chromosomal abnormality 17 15 33.3 26.7 20.0 13.3 6.7
Case groups for secondary analysis dividing trisomies
Acrocentric trisomy 78 70 30.0 32.9 24.3 10.0 2.9
Trisomy 16 41 38 50.0 26.3 10.5 7.9 5.3
Other nonacrocentric trisomy 38 34 20.6 17.6 38.2 8.8 14.7(Table 1). The odds of XCI R 85% do not differ between
any of the case groups and the controls (Table 2).
Comparing trisomy cases and controls, the age-adjusted
odds ratio for XCI R 85% (versus 50% to <60%) is 1.2
(95% CI 0.5–2.8.). XCIR 90% occurs in 2.0% of heterozy-
gous trisomy cases and 2.3% of heterozygous controls; the
age-adjusted odds ratio is 1.3 (95% CI 0.3–5.3). For chro-
mosomally normal male cases, the age-adjusted odds ratio
for XCIR 85% is 0.3 (95% CI 0.04–2.5) (Table 2). There are
no chromosomally normal male cases with XCI R 90%.
The folded beta regression analysis shows no statistically
signiﬁcant differences in the age-adjusted mean XCI skew-
ing percentage between these three case groups and
controls (Table 2).
Among women with nontrisomic chromosomally
abnormal spontaneous abortions, 13.1% showed XCI R
85%. The age-adjusted odds ratio for XCI in this group is
2.1 (95% CI 0.8–5.6). Analysis of the XCI skewing
percentage as a continuous variable indicates a statistically
signiﬁcant increase in the XCI skewing percentage in this
case group as compared with controls (p ¼ 0.02) (Table 2).
Secondary Analyses of Karyotype Groups
Dividing Nontrisomic Chromosomally Abnormal Cases
The odds ratios relating XCIR 85% to monosomy X (n ¼
18) and triploid (n ¼ 28) cases (each compared with
controls) were 4.0 and 2.0, respectively, neither differing
signiﬁcantly from unity (Table 1). Analysis of the XCI
skewing percentage as a continuous variable shows
increased mean XCI skewing percentages for monosomy182 The American Journal of Human Genetics 85, 179–193, AugustX, triploid, and other chromosomally abnormal cases,
although only the increase with monosomy X was signiﬁ-
cant (p¼ 0.03) (Table 3). The means of the three karyotype
groups included among other chromosomal abnormalities
are not signiﬁcantly different from each other (p ¼ 0.51).
Trisomy Type
We repeated the analyses, classifying trisomy cases by
chromosome (acrocentric, trisomy 16, other nonacrocen-
tric). The XCI skewing percentage, whether deﬁned cate-
gorically or continuously, was unrelated to acrocentric
trisomy and trisomy 16 cases. The odds ratio relating
XCIR 85% to other nonacrocentric trisomy cases (versus
controls) was 4.1 (95% CI 1.1–15.2) (Table 1). The age-
adjusted mean XCI skewing percentage was higher
for this case group than for controls (p ¼ 0.04) (Table 3).
The three trisomy groups did not differ from each other
(p ¼ 0.12).
Secondary Analyses Related to Reproductive History
Division of the sample on the basis of the outcome of the
index pregnancy and reproductive history shows no asso-
ciation between XCI skewing percentage and recurrent
abortion (Table 4). The odds ratio for XCIR 85% in recur-
rent aborters (deﬁned as cases with 2þ spontaneous abor-
tions< 20 wks and at least twomore losses than live births;
n ¼ 45) versus multiparae (deﬁned as controls with no
spontaneous abortion < 20 wks and 2þ live births; n ¼
169) was 0.8 (95% CI 0.2–4.0). The age-adjusted mean
XCI skewing percentage did not differ between women
with RSAs and multiparae. Twenty-six of the 45 recurrent14, 2009
Table 2. Percentage of XCI Skewing among Spontaneous Abortions, Classified by Karyotype, and Controls: Unadjusted and Age-Adjusted
Odds Ratios for Folded XCI Skewing Percentages and Mean Folded XCI Skewing Percentages
XCI Percentage Unadjusted OR Age-Adjusted ORa 95% CI
Age-Adjusted Mean XCI Skewing
Percentageb
Trisomy
50 to <60 1.0 1.0 NA
60 to <70 0.9 0.9 0.6–1.5
70 to <80 1.3 1.2 0.7–2.1
80 to <85 2.0 1.7 0.8–3.6
85þ 1.1 1.2 0.5–2.8
Mean 66.8
Chromosomally normal male
50 to <60 1.0 1.0 NA
60 to <70 0.5 0.5 0.2–1.1
70 to <80 1.0 0.9 0.4–2.1
80 to <85 1.7 1.5 0.5–4.8
85þ 0.3 0.3 0.04–2.5
Mean 65.4
Chromosomally normal female
50 to <60 1.0 1.0 NA
60 to <70 0.5 0.5 0.2–1.1
70 to <80 0.6 0.7 0.3–1.9
80 to <85 1.0 1.2 0.3–4.4
85þ 0.3 0.3 0.03–2.0
Mean 63.5
Nontrisomic chromosomal abnormality
50 to <60 1.0 1.0 NA
60 to <70 0.8 0.6 0.3–1.3
70 to <80 1.5 1.5 0.7–3.1
80 to <85 1.3 1.2 0.4–4.1
85þ 2.5 2.1 0.8–5.6
Mean 68.6c
Control
Live birth reference reference NA 65.5
NA denotes ‘‘not applicable.’’
a Adjusted for age at blood draw (in single years) by stratification. The conditional logistic regression analysis treats as uninformative one trisomic and two non-
trisomic chromosomally abnormal spontaneous abortions (i.e., there are no controls or other spontaneous abortions in the age stratum).
b Adjusted linearly for age at blood draw. Obtained from a beta regression model for the XCI proportion (XCI percentage/100). The expected value of a folded
beta random variable is I0.5(q,q þ 1), in which Ix(a,b) is the incomplete beta function from 0 to x and q is the (estimated) age-adjusted shape parameter.
c p ¼ 0.02 for nontrisomic chromosomal abnormality compared with controls.aborters had 3þ losses (including the index spontaneous
abortion); none had XCIR 85%.
Consistency over Time and between Tissues
For 17 women who entered the study for two pregnancies
and had blood drawn on both occasions, on average
286 days apart (range 147–836 days, median 198 days), theThe AmerICC for the XCI skewing percentage was 0.69; there was no
signiﬁcantdifferencebetweenmeanXCIskewingpercentage
for ﬁrst and second study entrances. Skewing was in favor of
the same allele in 82% of repeat samples (Table 5).
For 80 women for whom we were able to measure the
XCI skewing percentage in both blood and buccal mucosa
(Figure 2), the ICC between the XCI skewing percentage inican Journal of Human Genetics 85, 179–193, August 14, 2009 183
Table 3. Percentage of XCI Skewing among Spontaneous Abortions, Dividing Nontrisomic Chromosomal Abnormality Cases, Trisomy
Cases, and Controls: Age-Adjusted Odds Ratio for Folded XCI Skewing Percentage R 85 and Mean XCI Skewing Percentage
Comparison Number
Age-Adjusted OR XCI 85%þ versus XCI
50% to <60%a 95% CI
Age-Adjusted Mean XCI Skewing
Percentageb
Nontrisomic chromosomal abnormalityc
Controls 388 reference NA 65.5
Monosomy X 18 4.0 0.9–18.4 70.7d
Triploidy 28 2.0 0.5–8.2 67.8
Other nontrisomic abnormality 15 0.8 0.1–7.5 66.9
Trisomye
Controls 388 reference NA 65.9
Acrocentric trisomy 70 0.6 0.1–2.7 65.9
Trisomy 16 38 0.6 0.1–3.0 65.0
Other nonacrocentric trisomy 34 4.1 1.1–15.2 69.6f
NA denotes ‘‘not applicable.’’
a Adjusted for age at blood draw (in single years) by stratification. The age-adjusted odds ratios are obtained from a conditional logistic regression analysis that
includes all categories of the XCI skewing percentage.
b Adjusted linearly for age at blood draw (see footnote to Table 4).
c The analysis includes trisomy, chromosomally normal male, and chromosomally normal female spontaneous abortions (not shown). The conditional logistic
regression analysis treats as uninformative the following number of spontaneous abortions: one trisomy, one monosomy X, and one other nontrisomic chromo-
somal abnormality (i.e., there are no controls or other pregnancy losses in the age stratum).
d p ¼ 0.03 for monosomy X in comparison with controls. Mean XCI skewing percentages do not differ among monosomy X, triploidy, and other nontrisomic
chromosomal abnormality (2 df, p ¼ 0.51).
e The analysis included the three trisomy types and controls. The conditional logistic regression analysis treats as uninformative one acrocentric trisomy loss and 14
controls (i.e., there are no controls or other pregnancy losses in the age stratum).
f p ¼ 0.04 for other nonacrocentric trisomy in comparison with controls. Mean XCI skewing percentages do not differ among the trisomy types (2 df, p ¼ 0.12).blood and in buccal mucosa of the left cheek was 0.41,
between blood and buccal mucosa of the right cheek was
0.39, and between buccal mucosa of the left and the right
cheek was 0.48. Of the 39 women with blood XCIR 85%,
XCIR 85% was detected in both buccal samples for three184 The American Journal of Human Genetics 85, 179–193, Augustwomen and in one buccal sample for ﬁve. Of the 41
women with blood XCI 50% to <75%, one showed
XCI R 85% in one buccal sample. The mean folded XCI
skewing percentage was lower in both left and right buccal
mucosa than in blood (p < 0.0001).Table 4. Percentage of XCI Skewing among Groups Defined by Outcome of the Index Pregnancy: and Reproductive History
XCI Skewing Percentage Distribution
Group Total Number Number Heterozygous 50 to <60 60 to <70 70 to <80 80 to <85 85þ
Index LB: multipara, reference groupa 188 169 36.7 33.1 17.8 5.9 6.5
Index SA: recurrent aborterb 50 45 33.3 22.2 33.3 6.7 4.4
Index SA: sporadic aborter, 2þ lossesc 60 56 41.1 19.6 21.4 12.5 5.4
Index SA: sporadic aborter, 1 lossd 132 121 39.7 23.1 22.3 10.7 4.1
Index SA: nullipara, 1 losse 82 74 27.0 33.8 20.3 6.8 12.2
Index LB: sporadic aborter, 1 lossf 78 70 34.3 34.3 21.4 2.9 7.1
Index LB: primipara, 0 lossesg 141 129 32.6 34.1 21.7 7.0 4.7
Index LB: otherh 20 20 45.0 30.0 15.0 5.0 5.0
‘‘Loss’’ indicates spontaneous abortion before 20 wks gestational age, SA indicates spontaneous abortion before 18 wks developmental age, and LB denotes ‘‘live
birth.’’
a Loss ¼ 0, live birth > 1.
b Loss R 2, loss  live birth R 2.
c Loss R 2, loss  live birth < 2.
d Loss ¼ 1, live birth R 1.
e Loss ¼ 1, live birth ¼ 0.
f Loss ¼ 1, live birth R 1.
g Loss ¼ 0, live birth ¼ 1.
h Loss R 2 and loss  live birth R 2 (n ¼ 3) or loss R 2 and loss  live birth < 2 (n ¼ 17).14, 2009
Table 5. Agreement of XCI Skewing Percentages and Direction of Skewing among Samples and Tissues
Skewing in Favor of Same Allele
Comparison Number ICCa All Samples Samples with HSXIb
Buccal tissue versus blood
Left buccal smear versus blood 80 0.41 56/80 (70%) 35/40 (88%)
Right buccal smear versus blood 80 0.39 59/80 (74%) 33/39 (85%)
Both left and right versus blood 80 NA 48/80 (60%) 31/39 (79%) c
Buccal smear
Left buccal smear versus right buccal smear 80 0.48 61/80 (76%) 8/9 (89%)
Blood samples
Same laboratory, same PCR products, run 2 to 35 days apart 70 0.96 69/70 (99%) 13/13 (100%)
Same laboratory, same PCR products, run 4 to 9 months apart 30 0.87 29/30 (97%) 10/10 (100%)
Different laboratories, different PCR products 19 0.80 19/19 (100%) 8/8 (100%)
Repeat blood samples 17 0.69 14/17 (82%) 1/1 (100%)
a ICC denotes ‘‘intraclass correlation coefficient.’’
b SkewingR 85% in at least one sample.
c Among 39 women with skewing R 85% in blood.Karyotypes of Women with a Second Blood Draw
Of the 90womenwhohad a secondblooddraw, 89had chro-
mosomally normal G-banded karyotypes at the 550 band
level, and one had a balanced translocation; in the latter
case, the abortus had an unbalanced translocation. Seven
women showed > 5% X aneuploidy (four with 20 cells
counted, threewith50cells counted).Xaneuploidywasunre-
lated toHSXI: it occurred in twoof the45womenwithXCIR
85% and ﬁve of the 45 women with XCI 50% to <75%.
Discussion
Association between HSXI and Trisomic
Spontaneous Abortion
We hypothesized that an association between HSXI and
RSA, if real, reﬂects an association with trisomic concep-The Amertion. Our proposed underlyingmechanismwas that abnor-
malities of the X chromosome are associated both with an
increased rate of oocyte atresia and with skewed XCI in
somatic cells as a result of selection. Several lines of
evidence support the idea that the increasing rate of
trisomy with increasing maternal age is related to the
decreased size of the oocyte pool,43 although tests of the
hypothesis yield conﬂicting results.37,47–49
Our data do not support our hypothesis, whether we
deﬁne HSXI asR 85% orR 90% or analyze the XCI skew-
ing percentage as a continuous variable. For XCIR 85% in
relation to trisomy, the age-adjusted odds ratio is 1.2 (95%
CI 0.5–2.8), indicating that with 95% conﬁdence we can
rule out associations in excess of 2.8.
Our results contrast with two reports from British
Columbia. The ﬁrst report24 shows a 2.8 (95% CI 1.3–6.0,
our computation) increase in the odds of XCI R 90%Figure 2. Unfolded XCI Skewing Per-
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among women with trisomic pregnancies compared with
controls. The case group comprised women with RSAs, at
least one of which was trisomic (n ¼ 39), women with a
trisomic spontaneous abortion but no RSA (n ¼ 11), and
women with a prenatal diagnosis of a mosaic trisomy of
maternal origin (n ¼ 53); the two control groups derive
from several sources. The second report44 adds 16 trisomic
cases, diagnosed prenatally or among losses of recurrent
aborters, and mothers of children with maternal unipa-
rental disomy for chromosome 15 (n ¼ 21). Results for
trisomy (but not uniparental disomy) are consistent with
the ﬁrst report. Combining all trisomy cases, the authors
concluded that there is no shift in the distribution of
XCI skewing percentage and that associations are primarily
due to an excess of XCI R 95%.
Our primary observation—that XCI skewing percentage
is unrelated to trisomic pregnancy—is consistent with
another study in which we were able to test another part
of the hypothesis; namely, that HSXI is related to acceler-
ated aging of the ovary. We analyzed XCI in a sample of
women with recent pregnancies for whom we had
measured levels of follicle-stimulating hormone and
inhibin B, as well as the number of antral follicles, in one
menstrual cycle. We found no association between HSXI
and any of these measures of biologic aging of the ovary.50
Association between HSXI and Karyotypically Normal
Male Spontaneous Abortion
Our data also show no hint of an association of XCIR 85%
with karyotypically normal male spontaneous abortion
(age-adjusted OR 0.3; 95% CI 0.04–2.5); with 95% conﬁ-
dence, we can rule out associations in excess of 2.5. An
association of abnormalities of the X chromosome with
both XCI skewing percentage and chromosomal lethality
may account for some cases of repeated male losses among
women with recurrent abortions, but it is unlikely that
such losses are common enough to produce detectable
associations between HSXI and recurrent abortion.
Association between HSXI and Trisomy Divided
by Chromosome Group
In the secondary analyses, we examined the relation of
HSXI to predeﬁned (e.g., Kline et al.37) classes of trisomy
(Table 1 and Table 3). There is no association of XCI R
85% with acrocentric trisomy or trisomy 16, although
there is a signiﬁcant association with nonacrocentric triso-
mies other than 16 (Table 3). Because these analyses were
exploratory, the association with nonacrocentric trisomies,
which is difﬁcult to explain biologically, may be an artifact
of multiple tests. However, the British Columbia series44
showed no association of HSXI with trisomies 13–15 or
trisomy 16, but a positive association with other nonacro-
centric trisomies and trisomies 21 and 22. Trisomies of
different chromosomes vary in the patterns of increase
with maternal age and the frequency or location of recom-
bination sites,51 such that differences among chromo-
somal groups cannot be dismissed as implausible. None-186 The American Journal of Human Genetics 85, 179–193, Augusttheless, in light of the exploratory nature of both sets of
analyses, observations related to speciﬁc classes of trisomy
require conﬁrmation.
Association between HSXI and Nontrisomic
Chromosomally Abnormal Spontaneous Abortion
In the primary analysis, we detected an association of XCI
skewing percentage, deﬁned continuously, with nontriso-
mic chromosomally abnormal loss (p ¼ 0.02). When we
divided this karyotype group, the mean XCI skewing
percentage was increased for monosomy X, triploid, and
other chromosomally abnormal cases, although only the
association with monosomy X was signiﬁcant (p ¼ 0.03).
However, in light of the small number in each case group,
the post hoc nature of this test, the multiple statistical tests
performed, and biologic implausibility (each karyotype
group has a different mode of origin), we think it likely
that these observations represent a chance ﬁnding. We
report them to alert others who may have relevant data
with which to repeat the analysis.
Association between HSXI and Recurrent
Spontaneous Abortion
Our study was not designed to test the association of
HSXI with recurrent spontaneous abortion, but secondary
analyses show no association. XCI R 85% occurred in
4.4% of 45 recurrent aborters and 6.5% of 169 multiparae
with live births only; age-adjusted mean XCI skewing
percentages did not differ between the two groups. Recent
studies in this area have been interpreted to cast doubt on
a connection between HSXI and recurrent loss, mainly
because differences between cases and controls are not
statistically signiﬁcant. Four studies27,29,31,32 show nonsig-
niﬁcant odds ratios of 2–3 relating HSXI (deﬁned as R
90%) to recurrent abortion, one28 shows a statistically
signiﬁcant 13-fold odds ratio, and one30 shows a nonsignif-
icant inverse association. In summary, observations on
a possible association of HSXI with recurrent abortion are
inconclusive.
Strengths and Limitations
Our study has several strengths. First, we selected controls
from the same population as cases over the same time
period. Second, we measured the XCI skewing percentage
blind to case-control and karyotype status. These design
features eliminate the potential for bias in XCI measures
due to technical or temporal factors. Moreover, selective
participation is impossible given that XCI status was
unknown to the women. Third, our study is the ﬁrst to
obtain karyotypes from a consecutive series of sponta-
neous abortions, providing greater generalizability than
studies that draw on occasional karyotypes of losses to
recurrent aborters. Fourth, the reliability of our assay
ranged from substantial (ICC ¼ 0.80), when we remade
the PCR products, to excellent (ICCs 0.87–0.96), when
we reused the same PCR products.14, 2009
One potential limitation of our study is that for the cate-
gorical analysis we deﬁned HSXI as R 85% rather than
asR 90%, which is the more common cutpoint. We chose
85% because the proportion (2.3%) of women with XCIR
90% limited statistical power. If the higher cutpoint iden-
tiﬁes a group with a high proportion of X chromosome
abnormalities, ourR 85% cutpoint might dilute an associ-
ation between skewed XCI and trisomy. On the other
hand, if X chromosome abnormalities shift the distribu-
tion of XCI skewing percentages toward higher ratios,
the continuous analysis is most appropriate to our research
question. Although the proportion with XCI R 90% is
lower in our control sample than in many early studies,
it agrees with observations from later studies (e.g., Amos-
Landgraf et al.,1 Hogge et al.,27 Bolduc et al.10). The wide
variation in the proportion with XCI R 90% reported
among controls in the literature could easily be due to
sampling variation in the studies with 100 women or fewer
or to technical issues related to the HUMARA assay.1,13
Biologic Signiﬁcance of HSXI in Blood
A difﬁculty with all studies of the XCI skewing percentage
is how to interpret its biologic signiﬁcance. An underlying
assumption of our hypothesis is that HSXI is a good indi-
cator of the presence of X chromosome abnormalities.
None of the women in our sample with HSXI had abnor-
malities visible with standard G-banded karyotypes. It is
not known, however, how often HSXI is an indicator of
gene mutations or copy number changes below the level
detectable with banded karyotypes. We are currently using
high-resolutionmicroarray analysis to examine whether or
not HSXI is associated with copy number variation on the
X chromosome.
A second difﬁculty relates to whether a single measure of
the XCI skewing percentage (usually from a blood sample)
is a valid measure of the true skewing percentage in a
woman or, at a minimum, correctly identiﬁes women
with HSXI. Apart from the reproducibility of the HUMARA
assay itself, which is good to excellent in our study, three
other observations bear on this issue: (1) The ICC for
measures of the XCI skewing percentage in blood samples
taken from the same women at different times is lower
than the ICC for repeat measurements on the same blood
sample (Table 5). (2) The ICC for measures in buccal tissue
versus blood is lower than the ICC for repeat measures in
blood samples taken at different times. (3) The ICC for
measures in left and right buccal smears is lower than the
ICC for repeat measures in blood samples taken at different
times.
Our data indicate that primary HSXI is rare: of 684
women with informative XCI skewing percentages, only
the three (0.4%) who showed HSXI (R85%) in all three
samples are candidates. Even in the absence of HSXI in
all tissues, however, samples taken from different tissues
or at different times show a tendency for skewing toward
the same allele, especially when HSXI is present in at
least one sample (Table 5). This observation is compatibleThe Ameriwith the idea that HSXI is an indicator of genetic differ-
ences between the two X chromosomes that inﬂuence
selection toward inactivation of the same chromo-
some—an inference consistent with the observation
from studies of twin pairs,52–54 which also imply a large
genetic component.
Our observations suggest that it is naive to think that the
XCI skewing percentage in blood DNA measures a param-
eter that was set during fetal life and thus pertains to the
entire individual. On the contrary, it appears that most
women have differing degrees of XCI skewing in different
tissues and even within the same tissue at different times.
This observation suggests that when seeking to identify
associations between XCI skewing (usually HSXI) and
speciﬁc phenotypes, it is important to consider the possi-
bility that an XCI skewing measure in blood may not be
a reliable predictor of skewing in the tissues of interest.
Summary
We hypothesized that an association of HSXI with recur-
rent loss, if real, reﬂects an association with trisomic
conception. Hence, we tested associations with trisomic
losses irrespective of reproductive history. Our study does
not support this hypothesis, nor does it support the
hypothesis that the XCI skewing percentage is related to
chromosomally normal male loss or a history of recurrent
abortion.
Appendix: Detailed Subjects and Methods
Protocol
From February 25, 2003, to November 18, 2005, we identi-
ﬁed women age 18 or older with singleton spontaneous
abortions (developmental age less than 18 wks) whose
products of conception were submitted to the Pathology
Department of a hospital in NJ, USA. We asked permission
to karyotype the abortus. If a woman’s abortus was success-
fully karyotyped, we asked her to (1) complete a short
telephone interview so that we could determine whether
or not she was eligible for hormone measures (e.g., not
taking a hormonal contraceptive) in addition to measures
of XCI; (2) complete a more extensive telephone interview
regarding demographic characteristics, obstetric and
medical histories, and common exposures; and (3) make
one visit to the hospital for a blood draw and a brief update
interview about recent exposures. Women who were
eligible for hormone measures provided samples timed to
their menstrual periods. The original study goals did not
include hormone measures; the samples have not been
analyzed and are not relevant to this paper.
For each case individual who completed the study, we
selected an age-matched control individual with a recent
chromosomallynormal livebirthR1800g,withoutamajor
anatomic malformation. Eligible controls had no preg-
nancy loss after the index pregnancy and no known prior
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women who delivered at the study hospital 6–12 months
before the date of selection. Theywere selected froma roster
of women who delivered between April 1, 2003, and May
31, 2006, and consented to be contacted about the research.
Hospital staff asked 6505women for permission to list them
as candidates, and 5346 (82%) agreed.
Controls were matched to cases for projected age (56
months) at the blood draw. Our computerized selection
procedure was designed to alternate between selecting
a control who was younger and a control who was older
than the case. If a control did not complete the study, we
replaced her, in order to obtain a comparison group as
similar as possible in age to cases who completed the study.
Because we view all controls of the same age as inter-
changeable, we used this procedure to ensure compara-
bility in the age distributions, but we did not maintain
the matches in the analysis. Rather, we controlled for age
linearly or by stratiﬁcation. If a case was eligible for
hormone measures but her control was not, we used the
same procedure to select and enroll a second control who
was eligible for hormone measures.
Control recruitment lagged behind case recruitment
because (1) we required that a case complete the protocol
before we selected her control (so that we could match
for age at blood draw) and (2) if a case was eligible for
hormone measures, we required that the ﬁrst selected
control complete her intake interview so that we could
determine whether or not a second control was needed.
Control recruitment began on November 10, 2003. The
protocol for controls was identical to the protocol for cases.
The interviewer knew the outcome of the index preg-
nancy, but she did not know the karyotype of the sponta-
neous abortion (except in the < 4% of instances when
a participant revealed it). XCI was measured without
knowledge of any participant characteristics, including
the outcome of the index pregnancy.
We asked all women with an XCI skewing percentageR
85 (hereafter, XCI R 85%), as well as a subset of women
with XCI 50% to <75%, matched for karyotype group
and date of ﬁrst blood draw, to provide a second blood
sample for cytogenetic studies and buccal swabs for
measurement of the XCI skewing percentage.
The studywas approvedby the institutional reviewboards
at our university and the study hospital. All participants
gave informed consent. Fieldwork ended in January 2007.
Women with Spontaneous Abortions
We identiﬁed 855 women with spontaneous abortions:
729 women were offered karyotype studies, and of those,
695 accepted the offer. The hospital pathology laboratory
selected fetal material, almost always chorionic villi, ob-
tained during suction curettage. Five hundred seventeen
had sufﬁcient fetal tissue to set up in culture after dissec-
tion and enzymatic digestion and/or to save a portion of
the suspension for multiplex ﬂuorescent in situ hybridiza-
tion (FISH). We attempted FISH with probes for chromo-
somes 13, 15, 16, 18, 21, 22, X, and Y for specimens in188 The American Journal of Human Genetics 85, 179–193, Augustwhich the cultured sample yielded a chromosomally
normal female karyotype (because of the possibility of
maternal cell growth) or did not yield a karyotype because
the culture did not grow or was contaminated. Because the
FISH probes that we used identify about 85% of abnormal-
ities in spontaneous abortions,36 we classiﬁed cases with
normal XX or XY complements by FISH only as normal
female or male. FISH on uncultured material was informa-
tive for 91 of 110 specimens karyotyped as 46, XX: normal
female in 59, normal male in 7, and abnormal in 25. FISH
was informative for 49 of 68 specimens in which the
culture failed: normal female in 15, normal male in 9,
and abnormal in 25. We karyotyped 498 (96%) specimens
by either chromosome analysis or FISH (Table 6).
Among the 498 women with karyotyped losses, 354
(71%) completed the protocol. The principal reasons for
not completing the protocol were refusal (60%) and with-
drawal (33%). Mean maternal age is similar for nonpartic-
ipants and participants. For the 70 nonparticipants who
completed the ﬁrst interview, ethnicity and mean number
of prior pregnancies ending in live birth, spontaneous
abortion, and prior induced abortion are similar to those
of the 354 participants. Educational levels are signiﬁcantly
higher among participants; the association persisted when
we adjusted for age, ethnicity, and obstetric history. Anal-
yses exclude 30 women (detailed in Table 6). The analytic
sample thus includes 324 women—169 with autosomal
aneuploid losses (referred to as ‘‘trisomic,’’ including four
hypertriploids, one hypertetraploid, and six autosomal
monosomies), 46 with chromosomally normalmale losses,
43 with chromosomally normal female losses, and 66 with
nontrisomic chromosomally abnormal losses.
Live Birth Controls
Controls were sampled with replacement. In total, we
selected 892 controls, including 214 women who were
selected as second controls but were not invited to partici-
pate because they were ineligible for hormone measures.
Of the remaining 678 women, 491 (72%) completed the
protocol. The principal reasons for not completing the
protocol were refusal (54%), withdrawal (21%), or our
inability to locate the individuals (13%) (Table 6).
Meanmaternal age is similar for the 491 participants and
the 140 women who declined to participate or withdrew.
The 47 other nonparticipants, principally women who no
longer resided at the address provided on the consent
form,were younger. Sixty-eightnonparticipants completed
the ﬁrst interview. Ethnicity and mean number of prior
pregnancies ending in live birth, spontaneous abortion,
or induced abortion are similar for these 68nonparticipants
and the 491 participants. Educational levels are signiﬁ-
cantly higher among participants; the association persisted
when we adjusted for age, ethnicity, and obstetric history.
The analysis excludes data from 64 women, all controls,
whose XCI skewing percentage was measured in an
external laboratory (n ¼ 62) or not measured (n ¼ 2). The
analytic sample thus includes 427 controls. Amongwomen14, 2009
Table 6. Number of Women Identified or Selected Who Declined
the Study, Were Ineligible, or Completed the Protocol
Protocol Status
Spontaneous
Abortion Control
Identiﬁed or Selected
Total 855 678a
Specimen received at research laboratory 684 NA
Tissue culture set up and/or analysis by FISHb 517 NA
Karyotyped 498 NA
Moved, not located, did not speak English 11 47
Declined the study or withdrew 133 140
Completed the protocol
Total 354 491
Trisomyc 170 NA
Chromosomally normal maled 49 NA
Chromosomally normal femalee 48 NA
Nontrisomic chromosomal abnormality 74 NA
Unknown karyotypef 13 NA
Analytic exclusions
Total 30 64
Nontrisomic loss with prior trisomy 1 NA
Repeat entrance 17 NA
Unknown karyotypef 12 NA
XCI percentage not assessedg 2
XCI percentage measured by an external
laboratoryh
0 62
Analytic sample
Total 324 427i
Trisomy 169 NA
Chromosomally normal male 46 NA
Chromosomally normal female 43 NA
Nontrisomic chromosomal abnormality 66 NA
NA denotes ‘‘not applicable.’’
a Excludes 214 women selected as second controls who were ineligible for the
hormone component.
b FISH denotes ‘‘fluorescent in situ hybridization.’’
c Includes single, double, and triple autosomal trisomies, autosomal mono-
somies, hypertriploids, and hypertetraploids.
d Includes nine abortus specimens for which FISH analysis with probes for chro-
mosomes 13, 15, 16, 18, 21, 22, X, and Y indicated a chromosomally normal
male, and the karyotype from culture was not obtained.
e Includes abortus specimens for which FISH analysis with probes for chromo-
somes 13, 15, 16, 18, 21, 22, X, and Y indicated a chromosomally normal
female, and the karyotype from culture was either chromosomally normal
female (n ¼ 37) or not obtained (n ¼ 11).
f We classified the abortus karyotype as unknown if the karyotype from culture
was 46,XX but the sample was not analyzed by FISH with probes for chromo-
somes 13, 15, 16, 18, 21, 22, X, and Y.
g XCI denotes ‘‘X chromosome inactivation.’’
h For blood samples drawn on or after June 15, 2006, the XCI percentage was
provided by an external laboratory.
i Includes 334 first controls and 93 second controls.The Ameriwhose XCI assay was informative, the XCI skewing
percentage did not differ betweenﬁrst (n¼ 304) and second
(n ¼ 84) controls (p ¼ 0.41, Wilcoxon rank-sum test).
Comparison of Cases and Controls
As expected, trisomy case individuals are older than the
other case individuals and older than control individuals
(each of whom was matched to a case individual who
completed the protocol) (Table 7). Adjusting for age, the
mean number of pregnancies ending in live birth is higher
and the mean number of spontaneous abortions is lower
among controls than among cases. In addition, the four
case groups and controls differ in the mean number of
induced abortions, although no two-group comparison
was signiﬁcant at a ¼ 0.05. The four case groups and
controls did not differ in education or ethnicity. The
proportion with informative XCI assays did not vary
among the pregnancy-outcome groups.
The XCI Assay
We used a Flexigene kit (QIAGEN) to prepare DNA from
peripheral blood samples that had been stored at 20C.
We used the HUMARA assay, which takes advantage of
the differential methylation of a CpG site close to a highly
polymorphic (approximately 90% of women have distin-
guishable alleles) CAG repeat in the ﬁrst exon of the
X-linked androgen receptor (AR) gene. We digested 1 mg
of DNA with 5 U of RsaI alone and another 1 mg with 5 U
of RsaI and 10 U of HpaII. After digestion, the DNAwas de-
salted by passing it through a Performa DTR gel ﬁltration
cartridge (Edge Biosystems). PCR was performed on 10 ng
of both digested samples with the use of primers ampli-
fying the CAG repeat on the AR gene. The methylated
CpG site of the inactive allele is not digested by HpaII,
leaving it available for ampliﬁcation by a primer ﬂanking
the repeat, whereas the CpG site of the active allele is di-
gested and does not amplify. The forward primer was
labeled with FAM for the single digest and with HEX for
the double digest. After PCR, a portion of the sample was
mixed with a labeled size marker and run on an ABI310
automated genetic sequencer (GeneScan Analysis soft-
ware, version 3.12) for detection of ﬂuorescence. From
each batch of 10 to 12 samples, we tested two samples
for the completeness of the HpaII digestion by PCR ampli-
ﬁcation of the 50 region of the MIC2 gene, which is unme-
thylated on both X chromosomes and completely digested
by HpaII.
We used a slightmodiﬁcation of themethod described in
Hatakeyama et al.14 to assess the XCI skewing percentage at
the AR locus. The XCI skewing ratio was determined by
comparing the ratio of allele peak heights in the HpaII di-
gested sample (d1 andd2, for smaller and larger PCRproduct
sizes, respectively) with the ratio in the sample digested by
RsaI alone (u1 and u2). The method corrects for differences
in ampliﬁcation efﬁciency of the two alleles. The XCI skew-
ing ratio equals (d1/u1)/(d2/u2).Weconverted the ratio to an
XCI skewing percentage by computing proportion (P) ascan Journal of Human Genetics 85, 179–193, August 14, 2009 189
Table 7. Selected Characteristics of Women Who Completed the Protocol, Classified by the Outcome of the Index Pregnancy
Spontaneous Abortion
Selected Characteristics Control Trisomy Chr. Normal Male
Chr. Normal
Female
Nontrisomic Chr.
Abnormality
Number of women 427 169 46 43 66
Age at blood drawa 35.5 (4.6) 37.1 (4.6) 33.4 (5.5) 33.1 (4.2) 33.6 (4.2)
Gestation (days)b NA 64.8 (12.6) 68.9 (23.4) 64.7 (16.2) 67.1 (14.9)
Live birthsc 1.9 (0.9) 1.1 (1.2) 0.8 (1.2) 0.8 (0.8) 1.0 (0.8)
Spontaneous abortionsd 0.3 (0.6) 1.5 (0.9) 1.6 (1.3) 1.5 (1.0) 1.5 (0.9)
Induced abortionse 0.2 (0.7) 0.3 (0.7) 0.4 (0.6) 0.1 (0.4) 0.1 (0.3)
No college degreef 25.1 27.2 37.8 20.9 22.7
College degreeg 51.3 45.6 37.8 51.2 48.5
Postgraduate degreeh 23.6 27.2 24.4 27.9 28.8
White, non-Hispanici 87.4 85.2 82.6 79.1 84.8
Informative XCI percentagej 90.9 91.1 93.5 88.4 92.4
NA denotes ‘‘not applicable.’’
a Data are given as mean (SD). Age varies significantly with the outcome of the index pregnancy (p < 0.0001). Because controls were matched to each woman
with a spontaneous abortion, they are significantly older than women with nontrisomic losses and significantly younger than women with trisomic losses. As ex-
pected, women with trisomic losses are significantly older than women with nontrisomic losses.
b Data are given as mean (SD). Mean gestation does not differ among the four spontaneous abortion groups (p ¼ 0.36).
c Pregnancies at blood draw; data are given as mean (SD). Adjusted for age, the mean number of live births differs among the five groups (p < 0.0001).
d Pregnancies at blood draw; data are given as mean (SD). Adjusted for age, the mean number of spontaneous abortions (< 20 wks gestation) differs among the
five groups (p < 0.0001).
e Pregnancies at blood draw; data are given as mean (SD). Adjusted for age, the mean number of induced abortions differs among the five groups (p ¼ 0.003).
f Excludes one woman with a chromosomally normal male loss and an unknown education level. Adjusted for age, education does not differ among the five
groups (p ¼ 0.79).
g Excludes one woman with a chromosomally normal male loss and an unknown education level. Adjusted for age, education does not differ among the five
groups (p ¼ 0.79).
h Excludes one woman with a chromosomally normal male loss and an unknown education level. Adjusted for age, education does not differ among the five
groups (p ¼ 0.79).
i Adjusted for age, ethnicity does not differ among the five groups (p ¼ 0.58).
j Adjusted for age, the proportion informative for the XCI percentage (i.e., heterozygous at the AR locus) does not differ among the five groups (p ¼ 0.96).P ¼ [(d1/u1)/{(d1/u1) þ (d2/u2)}] 3 100, which ranges from
0% to 100%. We refer to P as the unfolded XCI skewing
percentage. In most analyses we analyze the folded XCI
skewing percentage, 50 þ jP  50j, which ranges from
50% to 100%. Among the 751 samples analyzed, we deter-
mined the XCI skewing ratio in the 684 (91.1%) that were
heterozygous at the AR locus.
Reliability of the XCI Assay
We carried out several reliability studies. We used the intra-
class correlation coefﬁcient (ICC)because it provides amore
robust measure of reliability and agreement than does the
Pearson product-moment correlation coefﬁcient (r).
The ﬁrst study comprised samples collected early in the
study. We reassayed the PCR products from a stratiﬁed
random sample of 30 samples (ten with XCI R 85%, ten
with XCI 75% to <85%, ten with XCI 50% to <75%),
four times, twice in our laboratory, three months apart,
and twice in an external laboratory, two months apart.
The ICC among all ﬁve assays was 0.89; within our labora-
tory it was 0.87. Mean XCI skewing percentages differed
signiﬁcantly between assays. Toward the end of the study,
we carried out three additional reliability studies: (1) We
conducted a reliability study to determine whether or not190 The American Journal of Human Genetics 85, 179–193, Augustto draw on assay results from an external laboratory for
samples (all from controls) collected late in the study.
Comparison of assay results with the use of the same
PCR products of 24 randomly selected controls with XCI
skewing percentages measured in both laboratories re-
vealed that the mean XCI skewing percentage was signiﬁ-
cantly higher in our laboratory than in the external labora-
tory, despite excellent agreement (ICC ¼ 0.93) between
laboratories. Hence, analyses exclude samples assayed at
the external laboratory. (2) The most stringent reliability
study drew on a stratiﬁed random sample for which we
remade PCRpreparations to compare our assayswith assays
from the external laboratory. For 19 of 24 samples judged
heterozygous by both laboratories, the ICC was 0.80;
meanXCI skewing percentages did not differ between labo-
ratories. (3) Finally, during the latter half of the study,we re-
assayed the PCR products of 70 samples in consecutive
assays. The sample overrepresented specimens with high
XCI skewing percentages (17% with XCI R 85%). The
ICC was 0.96; XCI skewing percentages did not differ
between the ﬁrst and second assays. In sum, reliability
ranged from a low of 0.80 (when we remade PCR products)
to a high of 0.96 (when the same PCR products were run
within 35 days of each other in the same laboratory).14, 2009
These ICCs exclude samples judged homozygous by one
or both laboratories. Among ten samples judged homozy-
gous by either laboratory, there was agreement on seven.
Disagreements concerned questionable heterozygosity for
alleles differing by three base pairs.
Buccal Swabs
Of the 90 women who provided buccal swabs (45 with
blood XCI R 85%, 45 with blood XCI 50% to <75%), 86
provided sufﬁcient DNA from both cheeks, allowing us
to obtain the XCI skewing percentage. Of these, the buccal
mucosa of 83 women were heterozygous at the AR locus.
Three of the 83 women were excluded from analysis
because the karyotype of the abortus was uncertain (i.e.,
46,XX without conﬁrming FISH).
Statistical Analysis
We carried out two complementary analyses to estimate
associations of the XCI skewing percentage with each
case group—trisomy, chromosomally normal male, chro-
mosomally normal female, nontrisomic chromosomally
abnormal—each compared with controls.
The ﬁrst analysis used conditional logistic regression45,46
to test the null hypothesis that, at any maternal age, there
is no difference in the XCI skewing percentage between
cases and controls. The analysis adjusted by stratiﬁcation
for age at blood draw in single years. We analyzed the
folded XCI skewing percentage categorically (50 to <60,
60 to <70, 70 to <80, 80 to <85,R 85), excluding homo-
zygotes from the analysis. We deﬁned highly skewed XCI
as R 85% (6.1% of 684 heterozygotes) because the small
proportion (2.3%) of women with XCI R 90% limited
statistical power. We also report the results of the primary
analysis using R 90% as the upper cutpoint to facilitate
comparison with other studies. We used maximum likeli-
hood estimates of the odds ratios and 95% conﬁdence
intervals to estimate associations between karyotype group
and the XCI skewing percentage, with XCI 50% to <60%
as the reference group. This analysis has the advantage
that adjusting for age by stratiﬁcation requires no assump-
tions about the shape of the association between age and
the XCI skewing percentage. Because the XCI skewing
percentage may be underestimated when alleles differ by
only one CAG repeat, we repeated the analysis, excluding
the 93 (13.6%) samples in which allele sizes differed by
only one repeat. Results were unchanged (data not shown).
The second analysis used a parametric model to estimate
associations with the XCI proportion, P/100, which was
assumed to follow a symmetric beta distribution. The
beta distribution, Beta(a,b), with parameters a and b both
greater than zero, provides a ﬂexible family of density
curves for proportions varying between 0 and 1. The
mean of the Beta(a,b) distribution is m ¼ a / (a þ b), and
the variance is m (1-m) / (a þ b þ 1). Because, in theory,
the mean of the unfolded XCI skewing percentage is 50,
we specialize the model by letting a ¼ b, denoting the
common value by q. The quantity a þ b ¼ 2q is calledThe Amerthe ‘‘shape parameter’’: when q is large, the density curve
is highly peaked around the mean m ¼ 0.5; when q ¼ 1,
the density curve is ﬂat, corresponding to a uniform distri-
bution; when q < 1, the density curve is U-shaped. For
convenience, hereafter, we refer to q itself as the shape
parameter, rather than 2q.
When the XCI proportion is modeled as a Beta(q,q) distri-
bution, the likelihood function is exactly the same whether
one uses the observed folded or unfolded XCI proportions.
Theanalyticmodel speciﬁes that the logarithmofq is a linear
function of the explanatory factors (e.g., age, karyotype
group). This analysis permittedus to test thenull hypothesis
that the mean of the folded XCI skewing percentage is the
same for each case group and controls. In these analyses,
we adjusted for maternal age linearly. We used maximum
likelihood to estimate the regression coefﬁcients.
We also carried out three secondary analyses: (1)
dividing the nontrisomic chromosomally abnormal cases
into three groups: monosomy X, triploidy, other; (2)
dividing trisomic cases into three groups: acrocentric,
trisomy 16, other nonacrocentric; and (3) classifying
women by reproductive history.
Finally, we present data bearing on the consistency of
measures of XCI over time for women who entered the
study twice (n ¼ 17) and between blood and buccal
mucosa for the women (n ¼ 80) with informative assays
on both tissues.
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